Objective: To evaluate Vg2Vd2 T cells in a group of HIV-infected patients who suppress HIV replication without antiretroviral therapy (natural viral suppressors, NVSs).
Introduction
A small proportion of individuals with HIV-1 infection maintain durable suppression of viremia in the absence of antiretroviral therapy. Variously termed elite controllers [1] , elite suppressors [2] [3] [4] , HIV controllers [5] , or, as in this study, natural viral suppressors (NVSs) [6, 7] , these individuals have confirmed HIV infections yet fail to show disease progression for up to 2 decades [6, 7] . It is of great interest to define host or viral properties or both that contribute to this favored clinical status. Several recent studies have described HLA-B, HLA-C, or killer immunoglobulin-like receptors (KIR) alleles present at increased frequency among elite suppressors/ elite controllers [3, 8, 9] suggesting a role for cellular immunity in viral control [10] [11] [12] . Virological studies provided little evidence for defective HIV-1 strains [4] , suggesting that infection occurred initially with virulent, nonattenuated virus. Humoral immune responses may be associated with controlling viremia in NVSs or elite controller/elite suppressor individuals [13] [14] [15] , though no single factor has been found in all individuals [16] . A recent report suggested that elevated levels of regulatory T cells may dampen HIV replication by suppressing T-cell activation during the acute phase of HIV infection [17] . To date, no clear pattern has emerged regarding the immune response, host genetics, or viral diversity that explains the NVS condition.
We were interested to learn whether NVS individuals had experienced a typical early disease course or whether their disease was attenuated from the time of infection. Without access to preinfection or acute infection samples from NVS patients, we sought to examine markers of HIV infection that are linked to early phases of disease. A candidate marker for early HIV-1 disease is the loss of Vg2Vd2 T cells and their functional responses to phosphoantigens [18] .
Vg2Vd2 T cells represent an antigen-experienced population of lymphocytes that are highly biased in healthy adults, with a large proportion expressing the Vg2-Jg1.2 rearrangement [19] . The abundance of Vg2-Jg1.2þ clones in healthy adults is the product of chronic positive selection [19] . Virulent HIV-1 infection leads to selective depletion of the Vg2-Jg1.2 subset [20] , accounting for quantitative loss of these cells from peripheral blood [21] . Substantial declines in Vg2Vd2 Tcell count and function were noted in HIV-infected individuals with CD4 cell counts still in the normal range, arguing that the specific depletion was occurring early in disease [22] . As most human Vg2Vd2 T cells are CD4negative, they are not susceptible to direct HIV-1 infection, and the cell depletion patterns noted above represent indirect effects of the virus.
In a longitudinal study of patients starting HAART, we documented an inability to reconstitute the Vg2 chain repertoire over 2.5 years of sustained viral suppression [23] . Coupled with our observation that the Vg2 chain repertoire is highly stable for at least 7 years in healthy individuals [23] , these data suggested that repertoire recovery after HIV-mediated depletion must be a slow process or it never occurs. Consequently, we concluded that the characteristics of Vg2Vd2 T cells in chronically infected individuals reflect damages during early infection that were not repaired.
By studying Vg2Vd2 cells in NVS patients, we hoped to distinguish between two possibilities that are as follows: disease was arrested early after infection, leaving the Vg2Vd2 population relatively intact or disease was arrested later in which case we should find evidence of substantial damage to Vg2Vd2 cells, and, according to studies with other HIV-infected patients, we would not expect recovery or reconstitution of the normal repertoire. The data reported here support the view that HIV disease in the NVS group damaged the Vg2 repertoire but was arrested early enough after infection to partially spare the Vg2Vd2 T-cell compartment. However, levels of this T-cell subset were elevated significantly among NVS individuals that Vg2Vd2 T cells were recovered and actually exceed normal values.
Methods

Natural viral suppressors and control groups
The NVS cohort was defined previously [6] . Briefly, NVSs must have confirmed HIV infection [by both western blot and detection of proviral DNA in peripheral blood mononuclear cell (PBMC)]; at least four HIV RNA viral loads of less than 400 copies/ml for at least 2 years without the use of antiretroviral agents; one viral blip or viral load of more than 400 copies/ml was permitted if subsequent viral loads were less than 400 copies/ml. NVSs were naive to antiretroviral therapy, except for a provision allowing no more than 2 weeks of antiretroviral treatment for short-term pregnancy prophylaxis. Informed consent was obtained from all patients, and the study protocol was approved by the Institutional Review Board at the University of Maryland, Baltimore.
NVS specimens were compared to samples from two comparator groups. The first cohort included HIVinfected patients with normally progressing disease before receiving HAART (hereafter, HIV-P; n ¼ 25). HIV-P patients were all on treatment and most had prolonged (i.e., at least 12 months) viral suppression with CD4 cell counts more than 300 cells/ml [24] . This group was predominantly composed of African-American (85%) and male patients (68%), had a mean age of 46.7 AE 6.0 years, and had a mean CD4 cell count of 512 AE 144 cells per ml [24] . The second comparator group consisted of HIV-uninfected patients (n ¼ 27); this group had a mean age of 46.4 AE 11.0 years, which had 37% male patients, and was entirely African-American [25] . The comparator groups were chosen specifically to illuminate differences between NVS and similar populations: the HIV-P group included patients optimally treated and achieving prolonged viral suppression, somewhat mimicking the natural viral suppression of NVSs; the HIV-uninfected group were racially matched because prior work has shown differences among racial populations in gd T-cell frequencies [Cairo et al., unpublished observation].
Peripheral blood mononuclear cell isolation and Vg2Vd2 stimulation
Purified PBMCs were obtained from 21 NVS donors. For in-vitro stimulation, cells were thawed and resuspended in RPMI-1640 medium supplemented with 10% FBS, 2 mmol/l L-glutamine (Invitrogen, Carlsbad, California, USA), 1 U/ml penicillin/streptomycin (Invitrogen), and 100 U/ml recombinant human interleukin-2 (IL2, Tecin, Biological Resources Branch, National Institutes of Health, Bethesda, Maryland, USA). Isopentenyl pyrophosphate (IPP, Sigma) was added at a concentration of 15 mmol/l to trigger Vg2Vd2 T-cell proliferation. Cultures were incubated for 14 days at 378C, 5% CO 2 and were replenished every 3 days by adding IL2-supplemented medium. Viable cell counts were performed using trypan blue dye exclusion (Sigma, St. Louis, Missouri, USA).
Antibody staining and flow cytometry Cells (3 Â 10 5 ) were washed in Dulbecco's phosphatebuffered saline (D-PBS; Invitrogen) and labeled at 48C for 15 min. The following monoclonal antibodies were used in this procedure: fluorescein isothiocyanate (FITC)conjugated anti-Vd1 (Pierce Biotechnology, Rockford, Illinois, USA); FITC-conjugated anti-Vd2 (clone B6; Becton Dickinson Biosciences, San Diego, California, USA); phycoerythrin-conjugated anti-Vd2 (clone B6; Pharmingen, San Diego, California, USA); phycoerythrin-conjugated anti-CD56 (clone N901; Beckman Coulter, Fullerton, California, USA); phycoerythrincyanine-5 (PC5)-conjugated anti-CD45RA (clone HI100; Becton Dickinson); PC5-conjugated anti-CD16 (clone 3G8, Becton Dickinson ) allophycocyanin (APC)-conjugated anti-CD27 (clone O323, eBioscience, San Diego, California, USA); APC-conjugated anti-CD3 (clone UCHT1, Becton Dickinson); and the appropriate isotype controls (Becton Dickinson).
After staining, cells were washed once with PBS and fixed with 1% paraformaldehyde. At least 3 Â 10 4 cells were collected on a FACSCalibur flow cytometer (Becton Dickinson Biosciences). Flow cytometry data were analyzed using FlowJo software (Tree Star, San Carlos, California, USA).
The stimulation index represents the proportional increase in Vd2þ cells following IPP stimulation compared with control with IL2 alone. Stimulation index is defined as the ratio of the absolute number of Vd2þ lymphocytes on day 14 of the IPP expansion to the absolute number of Vd2þ lymphocytes on day 14 without IPP expansion.
RNA extraction, reverse transcription-PCR and PCR
Total RNA was extracted from at least 10 6 cells (RNeasy Mini Kit, Qiagen, Valencia, California, USA), and 1 mg of total RNA was then converted into cDNA using the Reverse Transcription System (Promega, Madison, Wisconsin, USA). The following primers were used to amplify Vd2 chain sequences: oligo-Vg2 (5 0 -ATCAAC GCTGGCAGTCC-3 0 ), oligo-Cg1 (5 0 -GTTGCTCTT CTTTTCTTGCC-3 0 ), 5 0 b-actin (5 0 -GTGGGGCGC CCCAGGCACCA-3 0 ), and 3 0 b-actin (5 0 -CTCCTTA ATGTCACGCACGATTTC-3 0 ), according to established methods [25] .
Spectratype analysis
Primer extension reactions were performed as described previously [25] to generate run-off products that were diluted and mixed with GeneScan-500 Rox size standards. After a denaturation step (5 min at 958C followed by immediate quenching on ice), products were loaded on an Applied Biosystems 3130 genetic analyzer (Applied Biosystems, Foster City, California, USA) and run for 27 min on a performance-optimized polymer (POP-7). Molecular size and relative frequency of extension products were determined using GeneMapper software (Applied Biosystems). To standardize the data irrespective of the run-off primer position, CDR3 length variation was expressed in terms of the total Vg2 coding region lengths. Run-off product lengths were corrected by adding the lengths of known Vg2 mRNA coding regions outside the run-off product. According to this calculation, the major peak for Vg2 chains is 996 nucleotides based on a corresponding run-off product length of 447 nucleotides. Spectratype data were expressed with cumulative frequency plots.
Statistical analysis
We compared mean and median values for the percentage of lymphocytes that were identified as Vg2Vd2. After data analysis, it was clear that a few outlier values had significantly skewed the mean and median calculations. In order to better compare normally distributed data, we eliminated outlier values from each group using Tukey's definition of more than 1.5 times the mean plus the 75th percentile [26] . The correction eliminated one value from the NVS sample set and four from the controls. Without excluding outlier values, the significance of the comparisons was actually greater than after the correction. We elected the more conservative approach of excluding outlier values even though P values were slightly increased. Remaining values were compared by the Mann-Whitney test, with a P value of less than 0.05 considered significant. Other tests used the unpaired Student's t-test to compare differences in host human leukocyte antigen (HLA), response to IPP, spectratype and phenotype differences. Data for individuals in the outlier groups were not used in any subsequent analyses.
Results
Natural viral suppressor cohort characteristics A full description of the NVS cohort has been published [6, 7] . We obtained PBMC from 21 patients in the NVS cohort (Table 1) . Two-thirds (67%) of the patients were of male gender, all were African-American, and most (86%) had been diagnosed with HIV infection for at least 10 years. The median duration of documented viral suppression was 8.3 years, and the median CD4 cell count was 845 cells/ml. Eight patients (38%) were positive for HLA-B57.
Both control groups have been described previously [24] ; demographic data for these groups were provided in the Methods section.
High frequency of Vd2 T cells and inverted ratio of Vd2:Vd1 in natural viral suppressor patients The baseline (unstimulated) frequency of CD3 þ Vd2þ cells in total lymphocytes from 21 NVS patients is displayed in Table 1 . The mean absolute number of CD3 þ Vd2þ cells at baseline was 26 cells/ml (range 3.2-87 cells/ml). The mean frequency of CD3 þ Vd2þ cells for NVS patients (1.06 AE 0.82%) was significantly higher than for HIV-infected patients from the HIV-P group (0.34 AE 0.37%; P ¼ 0.002). NVS values were also significantly greater than a matched group of HIVnegative African-American volunteers (0.50 AE 0.53; P ¼ 0.042). Although NVS appeared to have fewer Vg2Vd2 cells compared with previously used Caucasian control groups (3.99 AE 1.7%), the use of a racially matched group showed that NVSs have Vg2Vd2 cells significantly above control values (Fig. 1 ). Due to depletion of Vd2 T cells in HIV-infected patients, the typical ratio of Vd2:Vd1 is characteristically inverted [21] , though this ratio is also altered in some healthy populations, particularly adults in Ghana [27] . This reversal was found in most (71%) NVS patients; only two NVS patients (9.5%) had a Vd2:Vd1 ratio of more than 2 ( Table 1) .
One measure of Vd2þ cell reactivity to IPP expansion is the stimulation index. We calculated stimulation index for each NVS and compared the mean stimulation index to HIV-P patients and to African-American controls.
Stimulation index values were higher for NVSs (17.6 AE 14.8) than for 21 HIV-P patients (2.8 AE 4.8; P < 0.001), indicating that the increased cell numbers were also associated with higher function. The NVS stimulation index values (17.6 AE 14.8) were lower than the stimulation index values for nine African-American controls (40.9 AE 49.9), though the differences did not reach statistical significance (P ¼ 0.057).
HLA-BM57 genotype is not associated with preserved Vd2 T cells Several studies have associated specific HLA genotypes, especially the presence of HLA-B Ã 57, with the NVS or elite controller phenotype [3, 8] . Just over one-third of our NVS cohort are HLA-B Ã 57 positive, and we tested whether HLA-B Ã 57 was correlated with preservation of the Vd2 subset. The mean Vd2 frequency for seven HLA-B Ã 57 positive NVS patients was 1.02 AE 1.04% compared with 1.08 AE 0.72% for 13 HLA-B Ã 57 negative NVS patients (P ¼ 0.9) (Fig. 2 ). There were no significant differences in Vd2 frequency or Vd2:Vd1 ratios between HLA-B Ã 57 positive and negative NVS patients.
Vg2 T-cell receptor length profile is altered in natural viral suppressor patients Spectratyping was used to determine the size distribution of Vg2 T-cell receptor (gTCR) chains in the NVS population and to analyze changes in the TCR repertoire after infection with HIV. The Vg2 chain length profiles for NVSs, HIV-P, African-American controls, and Caucasian control patients are displayed ( Fig. 3 ). Cumulative frequency plots from spectratype data were used to compare groups. In these plots, each point represents the sum of the proportion of all chains of a particular length for all values less than or equal to that value. The normal bias observed for healthy controls results in a curve shifted to the right for Caucasian and African-American donors, but the curve is generally shifted to the left in HIVinfected individuals. In these data, the HIV-P curve is shifted farthest to the left, consistent with a profound repertoire defect even after lengthy and successful antiretroviral therapy. Despite demonstrating increased frequencies and responsiveness of their Vg2Vd2þ cells, the NVS curve was more similar to the HIV-P curve than to either of the HIV-uninfected groups. These data reveal an impact of HIV on the Vg2 chain repertoire in NVS patients.
We also used quantitative methods to compare Vg2 repertoire differences between groups. The repertoire bias in healthy controls reflects stable accumulation of cells expressing the Vg2-Jg1.2 rearrangement; most of these chains are found at coding region lengths of 990, 993, or 996 nucleotides. By combining the proportions of Vg2 chains at these three lengths, we obtain a metric related to the degree of repertoire bias [26] . Table 2 . CD27/CD45RA expression in natural viral suppressors, HIV-P and African-American HIV-negative patients ex vivo (day 0) and after 14day expansion with isopentenyl pyrophosphate. Isopentenyl pyrophosphate stimulation expands the CD27 S /CD45RA S effector subset in natural viral suppressor patients PBMCs were stimulated with IPP and stained for Vd2, CD27, and CD45RA after 14 days in culture in order to determine responsiveness of the effector memory (CD27 À /CD45RA À ) compartment. With NVS patients, we observed significant increases in the fraction of Vd2þ CD27 À /CD45RA À cells: from 19.6 AE 14.2% to 72.0 AE 17.7%. In contrast, HIV-P patients had a blunted response (baseline 5.7 AE 5.9% to 47.4 AE 25.2%), and the difference between NVS and HIV-P patients was highly significant at 14 days (P ¼ <0.001). The increased size of the effector compartment (CD27 À /CD45RA À ) in NVS was similar to that shown previously for Caucasian HIVnegative control patients [24] .
CD56 expression on Vd2R cells from natural viral suppressor donors
Recent work showed the CD56 þ subset of Vg2Vd2 T cells was most potent in tumor cytotoxic assays [28] . We evaluated CD56 expression on Vg2Vd2 T cells of NVS patients (n ¼ 20) as a marker for functional effector cells. Vg2Vd2 T cells from NVS patients had a mean CD56 þ frequency of 43.2 AE 4.0%, which was significantly greater than uninfected controls (29.2 AE 3.4; P ¼ 0.01) ( Fig. 4) and above the values for HIV-P patients (30.5 AE 5.6%). The differences between NVS and HIV-P patients were not statistically significant (P ¼ 0.07).
Because CD56 expression is inducible on Vg2Vd2 T cells, we next evaluated whether there were changes in CD56 expression among NVS patients after IPP stimulation. Vg2Vd2 T cells (n ¼ 21) from NVS patients responded to IPP stimulation with increased CD56 expression (61.2 AE 4.6% from 43.2 AE 4.0% at baseline). CD56 expression after IPP expansion among NVS was significantly greater than that of HIV-P patients (n ¼ 10) (61.2 AE 4.6% vs. 39.0 AE 6.4%; P ¼ 0.01) and was similar to CD56 expression after IPP stimulation with uninfected control samples (n ¼ 11) (61.2 AE 4.6% vs. 50.2 AE 6.2%; P ¼ 0.17).
Discussion
We characterized the Vg2Vd2 T-cell population in NVS.
Changes in this subset of T cells have been well characterized for other HIV-infected groups [20, 23, 24, [29] [30] [31] , leading to the general conclusions that depletion of Vg2Vd2 T cells occurs early in HIV disease, HIV infection preferentially affects a subset of gd cells that express the Vg2-Jg1.2 rearrangement, and the repertoire defect was not corrected by successful antiretroviral therapy [23] . Thus, changes among Vg2Vd2 T cells document an impact of HIV infection on T-cell immunity that is quantitative and can be used to compare individual patients or groups. Our studies of NVS individuals were directed toward understanding whether Vg2Vd2 T cells were different in this group compared with HIV-infected patients with low viremia during HAART. The NVS cohort is unique because of their naturally suppressed viremia, which allowed us to investigate potential ways that they differ from HIVinfected patients responding to treatment.
Overall, we noted that NVS individuals not only preserved but also actually had increased levels of Vg2Vd2 T cells compared with demographically similar controls. For these comparisons, we assembled a control group of healthy African-American donors and showed that Vg2Vd2 Spectratype analysis showed a difference in Vg2 chain repertoire among NVS patients compared with African-American controls consistent with an impact of HIV infection on this cell population. However, phosphoantigen responsiveness, a functional response that is decreased sharply among HIV-infected patients, was largely preserved in the NVS cohort. We also noted changes in the distribution among naive and memory subsets for Vg2Vd2 T cells in NVS individuals. The CD27 À / CD45RA À effector compartment was expanded among NVS patients to a much greater degree than in HIVinfected patients with viremia suppressed by HAART, consistent with their better responses to phosphoantigen and preservation of the cell subset. Additionally, we showed that CD56 expression on Vg2Vd2 T cells from NVS patients was similar to that from HIV-infected patients at baseline but was increased with IPP stimulation more than what was observed for HIV-infected individuals on HAART. We thus found clear evidence of HIV-induced immunologic damage to the gd T-cell population of lymphocytes in the NVS cohort, but the Vg2 chain repertoire and in-vitro functional responses were intermediate between the HIV-P group and healthy African-American controls.
We did not find any relationship between HLA-B Ã 57 genotype and gd T cells in our NVS group. Similar to other examples of elite controllers/elite suppressors [3, 32] , our NVS cohort was enriched for the HLA-B Ã 57 genotype. However, there was no correlation between the HLA-B Ã 57 genotype and either the Vd2 frequency or the Vd2:Vd1 ratios. This finding may have been expected as gd T cells are major histocompatibility complex (MHC)unrestricted, which suggests that mechanisms controlling gd T-cell levels are independent of MHC genotype.
gd T cells with the effector phenotype CD27 À / CD45RA À are depleted in active tuberculosis [33] , tuberculosis/HIV coinfection [33] , and in progressing HIV infection [24, 33] . Interestingly, this subset of effector cells was preserved in our NVS cohort, and the effector phenotype was increased by IPP stimulation in NVS, similar to what we observed for HIV-negative African-American controls [25] . Our previous study of T-effector memory cells in HIV-infected individuals on HAART (in which the duration of viral suppression was similar to that observed for this NVS cohort) showed that IPP stimulation did not reconstitute the effector memory subset but instead produced CD27 À /CD45RA þ cells [24] , similar to what had been observed for other T-cell subsets in HIV-infected individuals [34] .
NVS patients demonstrated an increased number of Vg2Vd2 T cells even when compared with uninfected controls, and their Vg2Vd2 T cells were more functional than cells from HIV-infected individuals with viremia suppressed by HAART. The increased expression of CD56, increased proliferation response to phosphoantigen, and the capacity to generate CD27 À /CD45RA À effector memory cells all point to a positive selection for Vg2Vd2 T cells among NVS donors that leads to higher cell levels in blood. This type of positive selection does not occur in HIV-infected individuals in whom viremia is suppressed by HAART and is a key difference between these groups that may reflect the mechanisms for achieving this favored status.
Despite the elevated cell levels and functional responses, the Vg2Vd2 subset in NVS patients shows clear evidence of an HIV-mediated defect. The substantial change in repertoire bias, with a Vg2 repertoire more similar to the HIV-P group than to any of the uninfected controls, is likely a consequence of HIV infection. Again, differences between NVS and HIV-P patients include a capacity to limit and/or overcome the targeted depletion of Vg2Vd2 T cells. One other possibility to explain the elevated levels of Vg2Vd2 T cells in NVS is that members of this cohort had significantly elevated Vg2Vd2 T cells prior to HIV infection and that somehow the Vg2Vd2 T cells played a role in limiting the early damage from HIV infection and contributed to their eventual NVS status (i.e. chronic, natural suppression of viremia). We cannot test this hypothesis directly, but it is important to note that among Caucasian populations, in whom we have found an eightfold higher level of Vd2þ cells before HIV infection, we do not have higher proportions of NVS (or elite controller/elite suppressor) compared with what we have observed [7] . These data argue that NVS individuals experienced a virulent HIV infection with early damage to Vg2Vd2 T cells and likely other subsets, but host responses stopped and reversed the damage. Baseline CD56 expression is low for NVS, but precursor cytotoxic T lymphocytes (CTLs) are abundant as indicated by the increased CD56 þ subset after antigen stimulation. Importantly, HIV-P individuals have few gd CTL precursors and express only low levels of CD56 after stimulation in vitro. Studies to discern why Vg2Vd2 cells have regained functionality among NVS or elite controller/elite suppressor patients may help to define therapeutic targets in the quest to mimic NVS status through treatment.
We do not yet know what stimulus promotes expansion of Vg2Vd2 T cells in NVS to levels above those seen for healthy controls. This may be a response to HIV or other infectious agents. Alternately, early HIV infection may have changed the normal regulation of Vg2Vd2 T cells by removing a suppressing mechanism. Future studies will address the mechanisms for Vg2Vd2 T-cell regulation in NVS.
